European whitefish (Coregonus lavaretus) embryos and larvae were exposed to 6 different manganese sulfate (MnSO 4 ) concentrations from fertilization to the 3-d-old larvae. The fertilization success, offspring survival, larval growth, yolk consumption, embryonic and larval Mn tissue concentrations and transcript levels of detoxification-related genes were measured in the long-term incubation. Full factorial breeding design (4 females x 2 males) enabled examining the significance of both female and male effects, and female-male interactions in conjunction with the MnSO 4 exposure on the observed endpoints. The MnSO 4 exposure reduced the survival of the whitefish early life stages. Also the offspring MnSO 4 tolerance was affected by the female parent, and the female-specific mean lethal concentrations (LC50) varied from 42.0 to 84.6 mg MnSO 4 /L. The larval yolk consumption seemed slightly inhibited at the exposure concentration of 41.8 mg MnSO 4 /L. The MnSO 4 exposure caused a significant induction of metallothionein-A (mt-a) and metallothionein-B (mt-b) in the 3-d-old larvae, and at the exposure concentration of 41.8 mg MnSO 4 /L the mean larval mt-a and mt-b expressions were 47.5 and 56.6 % higher,
INTRODUCTION
Manganese (Mn) and sulfate (SO 4 ) occur naturally in the aquatic environment [1, 2] .
Median Mn and SO 4 concentrations in the Nordic surface waters range from 3.2 to 65 µg/L and 1.3 to 3.8 mg/L, respectively [3] [4] [5] . Even though Mn and sulfur (S) are essential nutrients [1, 2] , excessive concentrations of Mn and SO 4 can be toxic to aquatic organisms [6, 7] . Mining and mineral processing is one of the major anthropogenic sources of Mn [1] . Similarly, SO 4 is often a prevalent contaminant in mine water and it can have a substantial contribution to salinization of the waterbodies receiving the mine waters [8] . The metal mining industry has adopted and developed biomining processes, in which micro-organisms are utilized in metal recovery, and biomining is considered to have economic and environmental advantages compared to conventional recovery methods [9] . In Europe, the first commercial application of biomining utilizing the bioheapleaching technology was established in 2008 in North-Eastern Finland [10] .
After the mine started to operate, Mn and other metal, as well as SO 4 concentrations in the waterbodies receiving the mine effluents have been elevated and an accidental gypsum pond leakage at the mine in late 2012 deteriorated the nearby water quality [5, [11] [12] [13] . This has raised concern about the effects of Mn and SO 4 especially on the commercially important boreal freshwater fish.
The early life stages of fish, larvae in particular, are generally more sensitive to chemical toxicants than the adults [14] . Offspring stress tolerance can depend on their genetic background, and especially on the female parent [15, 16] . Metal exposure during the early development is known to disturb developmental processes, reduce hatching rate and larval body size, and cause both embryonic and larval malformation and mortality [17] . Compared to other metals such as cadmium (Cd), copper (Cu) and zinc (Zn), the toxicity of Mn to aquatic organisms is suggested
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This article is protected by copyright. All rights reserved to be low [6, 18] . A 25 % inhibition concentration (IC25) of Mn on survival and growth of brown trout (Salmo trutta) early life stages have been reported between 4.67 to 8.68 mg Mn/L, Mn being more toxic in soft than hard water [6] . In soft water, Mn concentrations of 0.32 to 0.35 mg/L have already disturbed the mineral uptake and skeletal calcification of brown trout larvae [19] . For SO 4 , previously reported IC25 values regarding embryo development of coho salmon (Oncorhynchus kisutch), embryo-to-alevin development of rainbow trout (O. mykiss) and larval mortality of fathead minnow (Pimephales promelas) were 1264 mg/L, 501 mg/L and 933 mg/L, respectively [7] . Mixture toxicity studies on aquatic organisms, such as salmonid embryos, tropical duckweed (Lemna aequinoctialis), green hydra (Hydra viridissima) and pulmonate snail (Amerianna cumingi), focusing on both SO 4 and a cationic metal, such as calcium (Ca 2+ ) or magnesium (Mg 2+ ), suggest that the cation is the toxic cause rather than the SO 4 [20, 21] .
External stressors can also activate defense mechanisms in aquatic organisms, and oxidative stress is often associated with a strong stress [22] . Metals and salinity changes are known to modulate oxidative stress responses in fish [23, 24] , and the main antioxidant enzymes protecting organisms from oxidative damage are catalase (CAT), glutathione peroxidase (GPx), glutathione-s-transferase (GST) and superoxide dismutase (SOD) [25, 26] . Metal-binding proteins, metallothioneins (MTs) [27] , have been considered as suitable biomarkers for metal exposure [25] . Even though the exact role of MTs is still unclear [27] , they are known to regulate the availability of essential and non-essential metals [28] . Also, the induction of MT gene transcription can correlate with metal tolerance, as observed with Cd-exposed turbot (Scophthalmus maximus) larvae [29] .
The present study was designed to specifically assess the critical mixture concentration of Mn and SO 4 that reduces survival of a native boreal fish species, European whitefish (Coregonus
This article is protected by copyright. All rights reserved lavaretus), embryos and larvae, and disturbs their yolk utilization for growth. We conducted a continuous laboratory-scale manganese sulfate (MnSO 4 ) exposure with whitefish embryos and hatched larvae to investigate 1) the effect of the parental combination on the sensitivity of whitefish early-life stages to MnSO 4 , 2) the Mn body residues of the whitefish eggs and the 3-dold larvae, and 3) the transcript abundance of cat, gstt, mt-a and mt-b in the embryos and larvae under the MnSO 4 exposure. These results bring new information for assessing the effects of SO 4induced salting and Mn on the reproduction of the European whitefish stocks, and they allow comparison of the species sensitivity to the effects of salting and Mn in freshwaters worldwide.
M A T E R I A L S A N D M E T H O D S

T e s t s p e c i e s a n d c h e m i c a l s
Newly stripped whitefish eggs of 4 females and milt of 2 males (Rautalampi stock from 
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T e s t s e t u p a n d f e r t i l i z a t i o n
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This article is protected by copyright. All rights reserved water before placing the eggs into them. Pool waters were aerated with glass Pasteur pipets (10 % HNO 3 acid washed) from 2 opposite sides of the pool into opposite directions to enhance adequate water circulation in the pools. Pools were protected from contamination with loosely placed clear plastic film covers on top and polystyrene covers were placed on the pools for 3 mo in early December to mimic the ice cover typical in boreal regions at that time of the year.
Quality control of the exposure
Interval of water renewals was 3 to 4 d, and 4 L from each pool was changed at a time. In every water renewal time, both new exposure and control waters for the next water renewal were prepared and let to aerate and stabilize to the incubation temperature.
Incubation water temperature, pH (744 pH meter, Metrohm, Professional Plus, YSI and SevenGo pH meter SG2, Mettler Toledo), conductivity (Professional Plus, YSI) and oxygen concentration (ProOdo, YSI) were monitored both at the beginning and end of the experiment and before and after water renewals. Mean water oxygen concentration (± SE) of all the pools during the experiment was 12.6 ± 0.1 mg/L (min 11.0 mg/L and max 15.2 mg/L) and pH was 6.66 ± 0.01 (min 5.46 and max 7.49) (Supplemental Data, Table S1 ). Degree days (cumulative sum of mean daily temperatures during the whole incubation period) were calculated for each pool with linear interpolation using the water temperature before every water renewal. Dissolved Onwards, unfiltered pool water samples were collected right before and after every water renewal and in the end of the experiment. Water samples were collected into metal-free plastic tubes (PP, 50 or 15 mL VWR) and acidified immediately after sampling by adding 6 (50 mL samples) or 2 (15 mL samples) drops of HNO 3 and stored at +4 °C in the dark until the analyses.
Total number of analyzed samples is given in the Supplemental Data (Table S2 ).
The chemical element concentrations of the waters (Supplemental Data, 
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The control (i.e. background) water mean total concentrations (± SE) of MnSO 4 , Mn and SO 4 for the whole experiment period were 5.5 (± 0.1) mg/L, 1.5 ×10 -2 (± 0.3 ×10 -2 ) mg/L and 5.5 (± 0.1) mg/L, respectively ( Table S3 ). During the first month of the experiment, the Mn concentrations 
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M o r t a l i t y a n d o v e r v i e w o f e m b r y o a n d l a r v a l s a m p l i n g
Dead embryos were counted and removed 3 times per week during the first month of the experiment and twice a week from that onwards. Hatching started 119 d after fertilization and the mean hatching peak of all parent pairs was reached 136 d after fertilization. During the hatching period, hatched and dead larvae were counted daily.
Detailed information of the embryo and larval samples of every sample type are listed in Supplemental Data (Table S4) 
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This article is protected by copyright. All rights reserved The element concentrations of the eggs (Supplemental Data, Table S5 ) and the larvae (Supplemental Data, Table S6 ) were analyzed with ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry, Optima 8300, Perkin-Elmer). The same LOQ and RSD limit requirements were used for both the water and the tissue concentrations and the tissue concentration results are presented as upper bound concentrations (values below LOQ and/or RSD > 10 % are replaced with LOQ), unless mentioned otherwise.
G e n e e x p r e s s i o n s
Gene expression samples were collected at the incubation temperature in order to avoid sudden temperature changes that may affect the gene expressions of the embryos and the larvae. 
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This article is protected by copyright. All rights reserved blotted dry and placed into 1.5 mL microcentrifuge tubes (StarLab GmbH). With the 3-d-old larvae, 1 sample from each replicate contained 5 larvae from the same hatching day. The larvae were sampled into 1.5 mL microcentrifuge tubes (StarLab GmbH) and the excess water was removed with a needle and a syringe. Both the embryonic and larval samples were immediately frozen in liquid nitrogen and stored at -80 °C until analyzed.
The embryonic and larval expressions of target genes mt-a, mt-b, gstt and cat were analyzed with quantitative reverse transcription PCR (qRT-PCR) using ribosomal protein L2
(rl2) and beta actin as reference genes (Supplemental Data, Table S7 ). The selected reference genes had the most stable expression among treatments from all the tested reference genes. The mt-a gene was obtained from Hansen et al. [32] . Other target gene primers were designed with Primer3 4.0.0 (http://bioinfo.ut.ee/primer3/) [33, 34] and the reference gene primers with AmplifX 1.5.4 (http://crn2m.univ-mrs.fr/pub/amplifx-dist) [35] . The specificity of the genes was checked with Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) [36] . The RNA extraction and integrity analysis, DNase treatment, cDNA synthesis and amplification reactions were done as described in Vehniäinen and Kukkonen [37] . The qPCR run was done using CFX96 Real-Time PCR cycler (Bio-Rad) and the protocol was +95 °C for 3 min; 40 cycles of +95 °C (10 s), +58 °C (10 s), and +72 °C (30 s); at +95 °C for 10 s and melt curves from +65 to +95 °C with 0.5 °C intervals. Samples were run in duplicates using clear 96-well PCR plates (Bio-Rad). A no template control (NTC) was always run for each gene. 
M o r t a l i t y c a l c u l a t i o n s a n d s t a t i s t i c s
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R E S U L T S
Fertilization, mortality, NOEC and LC50 values
The Z F of the whitefish eggs was significantly affected by both the MnSO 4 exposure concentration and the female, but male effect or interactions between the variables were not found. (Table 2 , Figure 2A) . Similarly, the MnSO 4 exposure and female, but not the male, had significant effect on the Z T ( Figure 2B ). The significant interaction between the MnSO 4 exposure and female indicates that some of the females had produced more MnSO 4 -tolerant embryos than others, and this was evident from the female-specific NOEC and LC50 values as well (Table 3) .
Even though there was a significant interaction between the MnSO 4 exposure and male as well, the differences between the males were not as clear as between the females in different concentrations.
G r o w t h a n d y o l k c o n s u m p t i o n
The carcass dry weight of the 3-d-old whitefish larvae was affected significantly by the MnSO 4 exposure and female (Table 4 ). The male effect was not significant, but the interaction between the exposure and male was. Degree days, MnSO 4 exposure and female had a significant effect on the yolk dry weight of the 3-d-old larvae ( Table 4 ). The interactions between female and MnSO 4 exposure, and between parent pair and MnSO 4 exposure were also significant. On average, the larvae of each female had more yolk left in 41.8 mg MnSO 4 /L concentration compared to the control larvae ( Figure 3 ).
M a n g a n e s e and S c o n c e n t r a t i o n s i n t h e e g g s a n d t h e l a r v a e
The Mn concentrations of the eggs were affected significantly by the MnSO 4 exposure (GLM, F = 207.137, df = 6, p < 0.001) and the Mn concentrations of the eggs of the different Accepted Preprint females differed significantly as well (GLM, F = 3.098, df = 3, p = 0.049) (Table 5, Supplemental Data, Table S8 ). The MnSO 4 exposure had also a significant effect on the larval Mn concentrations (GLM, F = 58.647, df = 5, p < 0.001), but the effect of the female was not significant (GLM, F = 1.102, df = 3, p = 0.354). Significant interaction between the MnSO 4 exposure and female were not found either with the eggs or the larvae (GLM, p > 0.05, Table S8 ).
G e n e e x p r e s s i o n s
The MnSO 4 exposure did not have a significant effect on the transcript abundance of any of the target genes in the embryos (Figure 4 , Table 6 ). However, the cat, mt-a and mt-b
expressions differed significantly between the embryos of the 3 different parent pairs (Table 6) .
As the exposure concentration was excluded from the analysis and only the embryonic gene expression differences between the parent pairs were analyzed, the significant differences in cat, mt-a and mt-b expressions between the parent pairs were still observed (ANOVA, cat: p = 0.001, F = 8.060, df = 2; gstt: p = 0.062, F = 2.945, df = 2; mt-a: p = 0.010, F = 5.052, df = 2; mt-b: p = 0.027, F = 3.925, df = 2). The pairwise comparisons showed that cat expression of the embryos of the parent pair with high offspring total mortality (F3 x M2) was significantly higher than with the embryos of the two other pairs (Tukey HSD, F2 x M1: p = 0.015 and F4 x M2: p = 0.001).
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The mt-a expression of the embryos of the parent pair with the lowest offspring total mortality (F4 x M2) was significantly lower than in the embryos of the two other parent pairs (Tukey HSD, F2 x M1: p = 0.028 and F3 x M2: p = 0.018), whereas the mt-b expression of the embryos of the parent pair with intermediate offspring total mortality (F2 x M1) was significantly lower than with the embryos of the parent pair with high offspring total mortality (F3 x M2) (Tukey HSD, p = 0.028). According to the individual parent pair analyses, only the pair F2 x M1 had significant differences (ANOVA, p = 0.023, F = 4.344, df = 5) in their offspring's cat expressions. However, only in MnSO 4 concentration of 5.6 mg/L the embryonic cat expression was significantly lower than in the control (Tamhane T2, p = 0.011).
The 3-d-old larvae showed induction of both mt-a and mt-b under MnSO 4 exposure ( Figure 4 , Table 6 ). According to the GLM results, the mt-b was differently induced among the 2 pairs, F2 x M1 and F4 x M2, and the joint effect between the MnSO 4 exposure and the parent pair was significant as well (Table 6) mg/L (mt-a: Tamhane T2, p = 0.035; mt-b: Tukey HSD, p = 0.038) and 41.8 mg/L (mt-a:
Tamhane T2, p = 0.043; mt-b: Tukey HSD, p = 0.020) than in the control larvae. However, also the mt-b expressions of the larvae reared in 12.8 mg MnSO 4 /L concentration differed
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This article is protected by copyright. All rights reserved significantly from the ones reared in 41.8 mg MnSO 4 /L (Tukey HSD, p = 0.032). According to the GLM results, the MnSO 4 exposure or parent pair did not have a significant effect on gstt or cat expressions of the larvae (Table 6) , and the individual parent pair analyses did not reveal any differences either. The number of valid replicates for both embryos and larvae for each target gene and parent pair are listed in Supplemental Data (Table S9 ).
D I S C U S S I O N
Under experimental conditions, early life stages of whitefish were sensitive to MnSO 4 , and the variation in their tolerance was significantly affected by the parent fish, the female in particular. The female had a significant effect on the fertilization success, the offspring total mortality and the growth and yolk consumption of the larvae, whereas male alone did not have a significant effect on those end points. The MnSO 4 exposure had caused a significant induction of mt-a and mt-b, but only in the larvae of the pair with the lowest total offspring mortality.
The female-dependent differences in the offspring tolerance to toxic chemicals or unfavorable environmental conditions could be due to genetic or environmentally induced variability. In methylmercury-exposed mummichog (Fundulus heteroclitus) embryos, some females living in an unpolluted environment produced more tolerant offspring than other females of the same population, and the variability in offspring methylmercury tolerance was suggested to be linked to genetic differences between the females [15] . Also, the survival of freshwateradapted European whitefish embryos under chronic osmotic stress has been shown to depend significantly on their female parents [16] . However, there is evidence that if the parent fish is exposed to metals before spawning, the metal tolerance can be maternally transferred to the offspring as well. For example, female fathead minnows that had been exposed to Cu produced larvae with a higher Cu tolerance [38] . In the present study, however, the parent fish were
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This article is protected by copyright. All rights reserved hatchery-reared and thus likely had a uniform life history, and had been reared in an unpolluted environment. Thus, the female effect observed in the present study was more likely caused by natural individual variation. The male effect was not observed or remained vague due to a low number of males.
The higher MnSO 4 -tolerance of the offspring of F4 could also be related to the larval mta and mt-b induction observed in parent pair F4 x M2. Previously, the ability of Cd-exposed turbot larvae to induce MT gene transcription correlated to their Cd tolerance [29] and thus the activation of detoxification processes could have been the reason for the higher MnSO 4 -tolerance of the offspring of F4 as well. However, the offspring gene expressions of the parent pair F4 x M1 were not investigated, and only the larvae had induced mt-a and mt-b, whereas with the embryos the observed differences in gene expressions between the parent pairs did not seem to be connected to offspring survival. Also, the induction of the mt-a and mt-b in the whitefish larvae did not show a consistent concentration-related pattern. Previously, a concentrationrelated pattern of MT induction has been observed from several tissue types of Cd-exposed juvenile river pufferfish (Takifugu obscurus) [39] . On the other hand, the expression patterns of MT have also been shown to depend on the exposure duration [39] , and different metals can cause very different induction patterns as well [40] . 
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Since the Mn accumulation in the eggs was substantially higher than in the larvae, it is most likely that Mn had been blocked by the chorion and/or perivitelline fluid, as previously demonstrated with Cd [42] and Cr [43] exposed fish embryos. Also, the finding that none of the target genes with the embryos were significantly affected by the MnSO 4 exposure supports that conclusion. The observed difference between the Mn concentrations of the eggs of the different females is most likely due to the differences in the size of the offspring as the F3 had the largest eggs and larvae, but those nearly always had accumulated the least Mn. This was most likely because the surface area to body mass -ratio was smaller for the eggs and larvae of F3 than with the other females. Thus, those female-related differences also back up the view that Mn had been accumulated into the chorion and/or pervitelline fluid.
Also, the egg and egg-to-larval Mn CBR50 values (95 % confidence limits) of 9.08 
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